DNA-nanosensor based on multiwalled carbon nanotubes (MWCNTs) decorated by nanocyclic thiophene-pyrrole complexes of octahedral high-spin Fe has been proposed for high-performance sensing of DNA-hybridization utilizing a surface-enhanced spindependent CNT-plasmon resonance. This DNA-nanosensor operates on screening and quenching effects at Raman scattering of light in duplexes DNA-probe/DNA-target at complementary pairing of nucleotides in DNA. Single nucleotide polymorphism (SNP) genotyping has been successfully performed for DNA samples from healthy and cancersuffering donors.
Introduction
To date, deoxyribonucleic acid (DNA) sequencing for a variety of biomedical applications is performed primary by means of polymerase chain reaction (PCR) technique. In spite of a lot of advantages of PCR, this method has some limitations.
Firstly, PCR is excessively sensitive to contamination causing amplification of spurious DNA products that result in erroneous outcome. Apart this, high cost of test performance is the important PCR limitation also. Sensitivity of PCR analysis depends on the total DNA quantity under estimation, the ratio of mutant to wild genes in DNA sample, the number of nucleotides in DNA-primer and the optimization procedure. [1] [2] [3] [4] Therefore, the development of new DNA-sequencing sensors is a promising and thriving branch of modern biomedical electronics.
Two DNA sensing approaches can be distinguished: one approach based on labeling DNA target or a label-free approach. 5 Common labels used for hybridization detection can be fluorescent dyes, redox active enzymes and different kinds of nanoparticles. Label-free DNA-sensors do not demand DNA sequence labeling that allows to avoid the stearic hindrance effects and the configuration loss of probe DNA at its labeling. [6] [7] [8] Sensing can be performed by Raman spectroscopy or electrochemical impedance spectroscopy methods, at that surface plasmon resonance phenomenon is often utilized to enhance the method sensitivity. The nanosensors based on graphene and carbon nanotubes (CNTs) are considered as the most perspective ones due to their high electro-conductivity in comparison with ordinary three-dimensional metals. [9] [10] [11] [12] [13] [14] [15] [16] [17] Additionally, the DNA-sensors on CNT platform perform the following functions: (1) fixation of single-stranded (ss) DNA in untwisted state on CNT surface that provides effective interaction with DNA-target; (2) does not demand covalent binding that leads to the absence of nonspecific interactions caused by DNA-conformation distortion; (3) CNT provides stability of DNA against nucleases.
Moreover, decorating graphene with metal atoms (adatoms), one can obtain a transport of charged carriers with spin "up" ("down"). 18, 19 Nitrogen atoms in nucleotides hold lone-electron pairs. Therefore, DNA-sensor based on the spindependent charged transport in graphene-like materials could be high-sensitive to the spin configuration CNT structure that is not destroyed in strong electromagnetic fields, and plasmon waves (oscillations) can be excited. Plasmon oscillations in CNTs resonate with vibrational modes of molecules adhered on CNTs resulting in such phenomenon as CNT-enhancement of Raman scattering.
9,20,21
These effects can be used to develop new high-sensitive methods of DNA sequence hybridization detection.
The goal of the paper is to use the surface-enhanced spin-dependent CNTplasmon resonance to perform single nucleotide polymorphism (SNP) genotyping by DNA sequencing on multiwalled carbon nanotube (MWCNT) bundles decorated by nanocyclic thiophene-pyrrolle complexes of octahedral high-spin Fe.
Materials and Methods

Reagents
MWCNTs with diameters ranging from 2.0 nm to 5 nm and length of ∼ 2.5 µm were obtained by the method of chemical vapor deposition (CVD-method).
22 MWC- All used materials belong to class of analytical pure reagents.
Methods
Langmuir-Blodgett (LB) Technique. LB monolayer formation was carried out on an automated hand-made Langmuir trough with controlled deposition on a substrate, and with computer user interface working under Microsoft Windows operational system. Control of the surface tension has been performed by a highly sensitive resonant inductive sensor. The Y-type transposition of monolayers on supports was performed by their vertical dipping. The complexes Fe(II)DTP 3 of high-spin Fe(II) with DTP ligands were synthesized by LB-method at compression of Hdithionilepyrrole molecules on the surface of subphase with salts of three-valence Fe. 24 Horizontally and vertically arranged LB-MWCNT-bundles can be fabricated from the MW CNTs. 25 We use the LB-technique to deposit two LB-monolayers of stearic acid micelles with DNA/MWCNT complexes inside on five-monolayer LB-film of the organometallic Fe(II)DTP-complexes.
Fabrication of DNA/MWCNT complexes. Complexes ds-DNA/MWCNT and ON/MWCNT were obtained by means of ultrasonic treatment of alcoholic solution of ds-DNA or ON with MWCNT. 25 Then, the complexes were mixed with a solution of stearic acid in deionized water or in hexane. The resulting mixtures were homogenized by ultrasonic treatment to form hydrophilic or hydrophobic (reverse) micelles of stearic acid with complexes ds-DNA/MWCNT (ON/MWCNT) inside them. 
Spectral studies in visible range were carried out using a confocal micro-Raman spectrometer Nanofinder HE ("LOTIS-TII", Tokyo, Japan-Belarus) by laser excitation at wavelengths 355, 473 and 532 nm with power in range from 0.0001 mW to 20 mW.
Theoretical Background
Graphene-like Dirac materials with touching and nonoverlapping valence and conduction bands can exhibit unique magneto-electrical properties, including an angledependent magnetoresistance, 26,27 ultrahigh electroconductivity. 28 Experiments on charge transport in the Dirac materials reveal a chiral anomaly of their transport properties and simultaneously signatures of the presence of zero-energy Majorana modes.
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Majorana fermion is its own antiparticle χ = χ † . 30 A Dirac mass fermion ψ can be represented as a particle formed by two Majorana fermions χ 1 , χ 2 :
, and Majorana, accordingly, can be considered as a particle-hole pair from Dirac fermions. Here " * " denotes a complex conjugation operation. Let us assume that a Majorana fermion can be self-fissionable with subsequent self-fusion. Provided the presence of such a mechanism of existence of the Majorana particles, an external electromagnetic field would separate charged Majorana states in space and time, resulting in charge transport. Such representation of Majorana particle has been called a braiding representation in Ref. 31 . Braiding operators on a set of Majoranas exist and form a unitary representation of the circular Artin braid group.
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Graphene bands E a (p) in the vicinity of Dirac point K(K ) in Brillouin zone hold helical spin-orbital texture stipulated by Majorana modes. 33, 34 Here, p is a wave number, a denotes the band chirality. Therefore, a polarization operator Π a (p, ω) for graphene-like material depends on a chiral distribution function
where ω is a frequency, k B is the Boltzmann constant, T is a temperature, µ a is a chemical potential. Dielectric permittivity
can go to zero, for example, in case p/ω 1, as
where
2 is a Fourier image of Coulomb potential, n a , m a are a density and a mass of charged carrier with the chirality a, respectively; 0 is the dielectric constant, e is the electron charge. This plasmon screening (2) due to the presence of free charge density will be exhibited through a surface-enhancement of Raman Resulting electric dipole D and resulting spin S of ss-DNA-probe (ON) are compensated at complementary pairing. The dipole and spin polarizations for DNA-heteroduplex, when non-complementary binding occur, is larger than for DNA-homoduplex one. Due to this fact, a change of spin-dependent dielectric polarization of DNA molecules located on the graphene surface causes a change of the Majorana-fermion current through µ a (D, S) in (2) and, respectively, changes screening properties of the sensor MWCNT-containing coating. Majorana modes are localized on impurity centers, for example, adhered nucleotides. But in opposite to Dirac charge carriers, annihilation of electron (hole) of Majorana quasiparticle with hole (electron) of acceptor (donor) impurity is forbidden owing to the topology law of the chirality conservation.
Further, the CNTs-provided spin-dependent quenching of fluorescence of ds-DNA, which is dye-labeled one, and the phenomenon of spin-dependent CNTenhanced Raman scattering are used to detect DNA sequence hybridization. Left spectrum with two maxima should be Fig. 2(b) , middle spectrum should be Fig. 2(a) . 
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Molecules of DTP luminesce in three wide overlapping spectral bands as shown in Fig. 2 . Two of them are the fluorescence bands of thiophene and pyrrole, while the third one, which is revealed as long-range energy transfer along the chain of conjugated double bonds in Fig. 2(a) and as a shoulder of the fluorescence band in Fig. 2(b) , is an exciton band. Vibrational spectrum of pure DTP molecules is observed against the background of weak fluorescence when green laser excitation at 532 nm is implemented [ Fig. 2(c) ].
Raman spectra of Fe-containing LB-DTP-films with different number of monolayers are shown in Fig. 3 . As one can see from the comparison of Fig. 2 with Fig. 3 , lines corresponding to vibrational modes of DTP as well as luminescence bands become more narrow in Raman spectra of ultrathin LB-film of nanocyclic complexes of Fe(II)DTP. Raman band in the vicinity of 3400 cm −1 is a vibrational mode of N-H group in pyrrole ring Fig. 2(c) . This band is absent in the Raman spectrum in Fig. 3(c) . Hence, the Fe(II)DTP complex is formed at substitution of hydrogen atoms in N-H by Fe atoms. The exciton band is shifted from the region ∼5000 cm −1 into less wavenumbers ∼ 4500 cm −1 due to the extension of conjugated double-bonds chain at Fe(II)DTP formation. Thus, the LB-DTP-films consist of nanocyclic Fe(II)DTP complexes. Three and five monolayer LB-films of Fe(II)DTP do not practically luminesce when excited with green laser at 532 nm, see Fig. 3 . A wide plasmon band in frequency range 1600-3000 cm −1 is observed in Raman spectra of 3-5 monolayers LB-films of Fe(II)DTP complexes at low temperatures (24 K). However, when temperature increases or the number of monolayers reaches 7, the plasmon bands get narrow because of increase of vibration amplitude that leads to plasmon interactions with substrate imperfections or with neighboring monolayers and to plasmon decay.
Deposition of two monolayers formed from stearic acid micelles with MWCNTs inside on the surface on Fe-or FeCe-containing LB-FeDTP-film results in anchoring are homoduplex and heteroduplex, respectively. For DNA sample isolated from colorectal cancer tissue (DNA CC ) the Raman scattering is quenched in the presence of MWCNT/ON SNP and, hence, DNA CC contains some quantity of mutant DNA which forms homoduplex DNA CC /ON SNP . Quenching takes place for DNA CC /ON W formation too; DNA CC /ON W is a homoduplex as well because KRAS-gene mutation is gene allele mutation and, apart from this, cancer tissue consists of both health and mutant cells. The obtained experimental data were confirmed by means of classical reference method of Sanger sequencing and PCR in real time.
Conclusion
We proposed DNA-nanosensor based on MWCNTs decorated by FeDTP complexes for high-performance sensing of DNA-hybridization. The DNA-nanosensor operates on quenching fluorescence of duplexes DNA-probe/DNA-target and on surfaceenhanced Raman scattering of light. Sequencing on MWCNT as a hybridization signal transducer does not demand of PCR analysis resulting in reduction of probability of DNA sample contamination.
